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Measurement and analysis of oxygen!nitrogen! 
5A-zeolite adsorption equilibria for air 
separation 
Orhan Talu,b Jianmin Li,bt Ravi Kumar,C Paul M. Mathias,a* 
J. Douglas Moyer, Jra and Joan M. Schorka 
8Air Products and Chemicals, Inc., 7201 Hamilton Boulevard, Allentown, PA 18195-1501, 
USA 
bDepartment of Chemical Engineering, Cleveland State University, Cleveland, OH 44115, 
USA 
cBOC Process Plants, 460 Mountain Avenue, Murray Hill, NJ 07974, USA 
Multicomponent adsorption equilibrium data are essential for the reliable design of 
processes and equipment for gas separation by adsorption. We discuss techniques for the 
measurement and analysis of multicomponent adsorption equilibrium data, and present a 
comprehensive set of equilibrium data for the adsorption of oxygen and nitrogen on 
5A-zeolite. 
Keywords: pressure swing adsorption; multicomponent adsorption equilibria; 
thermodynamic consistency; ideal adsorbed solution theory 
Nomenclature V Total volume, Equations (1) and (2) (m3) 
B 
C 
Second virial coefficient, Equation (3) 
(kg/mol) 
Third vi rial coefficient, Equation (3) 
Xi 
Yi 
Adsorbed phase mole fraction of 
component i 
Gas phase mole fraction of component i 
D 
«kg/mol)2) 
Fourth virial coefficient, Equation (3) Greek symbols 
«kg/mol)3) Adsorption selectivity of component i over 
Gex Excess Gibbs free energy, Equation (9) component j, Equation (6) 
(J/kmol) Change in number of moles of component i, 
K First virial coefficient, Equation (3) Equations (1) and (2) (kmol) 
n Adsorption loading (mol/kg) Adsorbed phase activity coefficient, 
P 
p7 
Pressure (kPa) 
Surface pressure of component i, 
Equation (8) 
Gas phase fugacity coefficient of 
Equation (8) (kPa) component i at specified T, P, Y 
R 
T 
Gas constant (J!kmol K) 
Temperature (K) 
'0 
cfJi Gas phase fugacity coefficient of pure gas i 
at specified T, P7, Equation (8) 
v 
Time (s) 
Molar volume (m3/kmol) 
-rrA/RT Dimensionless spreading pressure, 
Equation (7) 
Introduction 
Bulk gas separation by Pressure Swing Adsorption (PSA) 
(including Vacuum Swing Adsorption (VSA» has been 
practiced commercially for over 30 years and now repre-
sents a major unit operation in the chemical industryl,2. 
Oxygen production from air is one of its major 
applications 1• Commercial PSA/VSA oxygen generators 
range in size from personal units for home medical use, 
producing a few liters/min, to multi-train industrial units 
providing 120 tons/day of contained oxygen. 
1 
PSA/VSA technology is an active area of research 
with the continuing introduction of new adsorbents and 
new process cycles. At the present time it is not feasible 
to design new systems based entirely on numerical 
simulation results. Simulators are used extensively, how-
ever, for screening cycles and adsorbents and for scaling-
up experimental data. Hartzog and Sircar3 have shown 
that the accuracy of simulator results depends heavily 
upon the accuracy of the multicomponent equilibrium 
data input, especially when stringent product specifica-
tions are imposed] . They have concluded that the 
representation of the multicomponent adsorption 
equilibrium must be accurate to within 2% in order to 
obtain accurate simulation results . It is important that 
the data be accurately represented over the entire 
temperature, pressure and composition ranges of the 
cycle being simulated. 
Taking a step back from the accurate representation 
of multicomponent equilibria, one must first obtain 
highly accurate data. Measurement of multicomponent 
adsorption equilibria is complicated and time consum-
ing. The data usually have less accuracy than other 
phase equilibrium measurements, mainly because the 
adsorbed phase cannot be measured directly and there-
fore must be calculated from changes in the properties of 
the fluid phase. There are several experimental techiques 
for the measurement of multicomponent adsorption 
equilibria, but all suffer from a common problem: a large 
uncertainty in the measured loading of the less strongly 
adsorbed component. 
Two multicomponent experimental techniques were 
implemented and compared in the research reported 
here. The system chosen for demonstration was oxygen/ 
nitrogen/5A-zeolite. Some multicomponent equilibrium 
data for this system have been reported in the litera-
6ture4- . The goal of our work was to investigate the 
procedures necessary to obtain a complete set of accurate 
multicomponent adsorption data. Toward this aim: 
I) extensive pure-component data were collected; 
2) multicomponent data were collected in two different 
laboratories using two different techniques; 3) the pure 
and multicomponent data were collected at two 
temperatures and over wide ranges of composition and 
pressure, including high pressures; and 4) thermo-
dynamic consistency tests were performed on all the data. 
The purpose of this paper is to analyze techniques for 
measuring multicomponent adsorption equilibria, 
present useful methods for evaluating the resulting data, 
describe the trends of mUlticomponent adsorption equi-
libria, and finally, make available an evaluated set of 
adsorption equilibrium data for use in the development 
and testing of adsorption equilibrium models. 
2 Experimental techniques 
Commercial grade 5A-zeolite manufactured by the 
Tosoh Corporation (A-5 SA, PSA Air Separation) was 
used in all experiments. All samples were from the same 
lot of 8/ 10 mesh beads. The samples were regenerated by 
heating to 400°C at I "Cjmin under vacuum. All gases 
were ultra-high purity. 
Pure-component isotherm data were collected using 
both standard gravimetric and volumetric techniques. 
Low pressure (0-101 kPa), pure-component data were 
collected on a Micromeritics ASAP 2000 automated 
volumetric adsorption apparatus. High pressure (50-
1800 kPa), pure-component data were collected on a 
high pressure micro balance and a high pressure 
volumetric adsorption apparatus. 
Binary measurements were performed at two different 
laboratories using two different techniques: a once-
through, open system technique and a recirculating 
closed system technique. The amount of zeolite in each 
system was carefully chosen to minimize errors due to 
instrument limitations (e.g. pressure transducers). Pure-
component data and the ideal adsorbed solution theory 
(IASTf were used to size the systems. Dead volumes in 
both systems were minimized to increase accuracy. 
Open system apparatus 
In the open system technique a flow of a constant 
composition feed gas passes through the adsorbent bed 
at a controlled temperature and pressure. The exit flow 
rate and composition are recorded as functions of time. 
Using these data and the void volume of the adsorbent 
bed, the amount adsorbed and its composition can be 
calculated. 
The major components of the open system used are 
illustrated in Figure 1. The column void volume was 
57.4 ± 0.1 ee, measured by both mercury displaeemen t 
and helium expansion. The sample size was 
18.8869 ±0.0003 g. The feed composition was controlled 
by the mass flow controllers. The composition of the 
feed gas was confirmed by GC analysis with the gas 
flowing through the bypass. The column temperature 
was controlled by an external water bath. The inlet gas 
temperature was equilibrated with the bath using a heat 
oxygen he1 i UlIl 
inlet "'-;-C::J--,-{=r-- inlet 
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Figure 1 Schematic diagram of open system for measurement of 
multicomponent adsorption equilibrium 
exchange coil of appropriate size. Temperatures were 
measured by a thermocouple, with an accuracy of 
± 0.1 °C, placed at the center of the adsorbent column. 
The pressure was controlled by the outlet mass flow 
controller (M4 in Figure 1). Pressures were measured 
with two different pressure transducers to maximize 
accuracy: 0-1035± 3 kPa and 0- 102±0.3 kPa. The 
exit gas composition was measured by rapid sampling to 
a GC equipped with a thermal conductivity detector. 
Hydrogen carrier gas was used in the GC, since helium 
was used as a diluent for experiments in which a sub-
atmospheric partial pressure of oxygen plus nitrogen 
was desired. The accuracy of the composition measure-
ments was ±0.001 mole fraction. 
Closed system apparatus 
In the closed system technique a gas mixture of known 
initial composition is constantly circulated over the 
adsorbent bed in a closed loop. The system is illustrated 
in Figure 2. The loop volumes in the adsorption section 
were accurately measured to within 0.1 cc by both 
mercury displacement and helium expansion. The 
sample loop and adsorbent bed were controlled to 
within ±0.1 °C using external water baths. The gas 
mixture was prepared and characterized in the feed 
section. A GC using helium carrier gas and equipped 
with a thermal conductivity detector was used for all gas 
analyses. Gas compositions were measured with an 
accuracy of ± 0.00 I mole fraction . At the start of an 
experiment, a portion of the gas in the feed section was 
introduced into the circulation loop while the adsorbent 
bed was isolated. A pressure measurement was taken 
using a 0- 667 ± I kPa MKS pressure transducer and the 
initial moles of each component present in the loop were 
calculated. The gas mixture was then circulated through 
the adsorbent bed in the closed loop over an extended 
period of 3 h; this was determined to be adequate to 
reach equilibrium since previous experiments had 
determined that equilibrium was reached within 1 h. 
Recirculation was then stopped and the final pressure 
measured. Finally, the adsorbent bed was isolated and 
the gas in the closed loop analyzed by Gc. Given these 
data, the amount and composition of the adsorbed 
phase could be calculated. 
Open system - analysis 
The primary advantage of the open system is the ability 
of the researcher to control the gas phase properties 
(pressure and composition) at equilibrium. A gas 
mixture of the desired final composition is passed over 
the adsorbent bed until equilibrium is reached. The open 
system material balance can be arranged to give the 
partial amount adsorbed of component i. 
yi t [Vv V ]6.ni = (n i, in - ni,out)dt - -" iinitial - - ' ifina1 (1) o v v 
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Figure 2 Schematic diagram of closed system for measurement 
of multicomponent adsorption equilibrium 
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Figure 3 Typical time trace for amounts retained in an open 
system experiment in which oxygen is desorbed and nitrogen is 
adsorbed 
The first term is the difference between inlet and outlet 
molar flows, or the amount of species retained in the 
system. The second term is the correction for gas phase 
accumulation (or depletion) in the void space. Figure 3 
shows a typical time trace for amounts retained for an 
experiment in which oxygen is desorbed and nitrogen 
is adsorbed. Both traces end with flat lines, indicating 
that equilibrium has been established between the gas 
mixture and the adsorbent. The main disadvantage of 
the technique is the relatively poor accuracy. The 
experimental error can reach 10- 15% primarily due to 
the uncertainty in the measurement of the exit flow 
rate. This measurement is very difficult because most 
mass flow meters respond to composItIOn as well as 
flow rate changes. In order to minimize this effect, we 
calibrated the flow meters for changes in composition. 
The inevitable variation in the total measured exit flow 
rate, however, has a pronounced effect on the 
accuracy. 
We used an experimental design in this work to 
continuously check the accuracy of results for the open 
system. It is based on the simple thermodynamic 
principle that the adsorbed phase properties do not 
depend on the path used to approach equilibrium. 
Experiments were performed in sets of several runs 
without regenerating the adsorbent between runs. Each 
set started and ended at the pure component ends of the 
phase diagram-points that could be verified on more 
established single component isotherm equipment (e.g. 
gravimetric or volumetric adsorption analyzers) . 
Theoretically, the integration of any surface property 
over an entire set of experimental runs (the addition of 
the partial amounts adsorbed for each step or run) must 
equal the difference in the adsorbed phase properties at 
the two pure-component endpoints; this follows because 
the surface properties are sta te functions. Adsorption 
reversibility is also checked with this approach since the 
partial pressures are varied without increasing the 
temperature. The departure from a perfect match is 
used to assess accuracy. An acceptable match with pure-
component data verifies the accuracy of the endpoints, 
which indicates that the intermediate points are likely to 
be accurate. The entire set of data is questionable if the 
match is unacceptable. 
Results for one set of experiments are summarized in 
Table I . The total oxygen material balance is closed to 
within 0.007 mol/kg, or a mere 0.6% of the maximum 
oxygen amount (1.251 mol/kg) adsorbed during the 
complete set of experiments. This is exceptional accuracy 
for binary adsorption measurements using the open 
system technique. The data in Table I are for the worst 
set measured in this study. The accuracies of the 
remaining eight sets of data measured and reported in 
this paper are better than that shown in Table J. 
Closed system - analysis 
The primary advantage of the closed system is the 
simplicity of the apparatus and operating procedures. It 
is only necessary to measure the cell free volume, the 
starting gas composition, pressure, and temperature, 
and the final gas composition, pressure, and tempera-
ture. The inaccuracies associated with flow measurement 
are avoided. 
A _ VY'I VYi un· -- ··· -- (2)
I V millal V Ifinal 
This method is similar to traditional single component 
volumetric methods, with gas phase composition being 
the only added measurement. The main disadvantage of 
the technique is the inability to control the final gas 
phase properties (composition and pressure) at equilib-
rium. Even though the necessary charge amount of each 
component for a set of target equilibrium conditions can 
be estimated using a predictive muiticomponent adsorp-
tion model such as lAST, the final conditions can never 
be exactly controlled and will be different from the target 
values. In fact, the measurements would be redundant if 
models such as lAST were capable of accurately 
predicting equilibrium! 
In general, the dosed system approach has better 
accuracy than the open system technique. The gas phase 
densities were calculated by the virial equation8 , which is 
accurate to better than 0.1 % for the conditions of 
interest. Based upon reproducibility of the results, the 
uncertainty of the technique is typically 5% or 
0.002 mol/kg, whichever is larger, for the partial 
loadings. The accuracy check explained above for the 
open system technique is not possible in the closed 
system. The pure-component endpoints cannot be 
reached in the closed system-an infinite number of 
pure-component additions are necessary to move a 
mixture equilibrium point to a pure-component point. 
Therefore, reproducibility and agreement with measure-
ments made by a different technique are the only 
indicators of the accuracy of the data. 
3 Experimental data 
Equilibrium isotherms for pure nitrogen and oxygen 
were measured by the techniques described above. 
Measurements were carried out at two temperatures , 
23°C and 45°C, and pressures from 10 to 1800 kPa. Very 
low pressure data are needed to obtain accurate 
measurement of the Henry's law slope. High pressure 
data are necessary for accurate calculation of the 
spreading pressure of the weakly adsorbed component 
(02). Both of these are required in order to use lAST for 
Table 1 Example of closure of material balance for open system (bed initially activated; no activation between steps) 
Moles retained (kg) Moles adsorbed (kg) 
Step P (kPa) y (0 2 ) T (Oe) Oxygen Nitrogen Oxygen Nitrogen 
1 
2 
3 
910.2 
909.5 
916.4 
1.0 
0.1936 
0.0 
23.3 
44.6 
23.4 
1.2509 
-1.1066 
-0.1508 
0.0 
1.2744 
0.6920 
1.2509 
0.1443 
0.0065 
0.0 
1.2744 
1.9664 
Table 2 Pure -gas adsorption of nitrogen on Tosoh SA-500 
T = 23°C T= 45°C 
Pressure Loading Pressure Loading 
(kPa) (mol / kg) (kPa) (mol / kg) 
8.6 0.0894 12.0 0.0669 
26.1 0.2272 36.8 0.1816 
54.2 03987 73.0 0.3193 
121 .2 0.6951 153.9 0.5584 
233.5 1.0345 278.0 0.8346 
388.2 1.3574 438.3 1.1013 
640.1 1.7085 693.6 1.4117 
967.0 2.0129 1020.3 1.6951 
1341.5 2.2529 1393.6 1.9298 
1741 .0 24371 1790.9 2.1158 
analysis and predictive purposes. The pure-component 
Table 3 Pure-gas adsorption of oxygen on Tosoh SA-500 
T= 23C C T= 45°C 
Pressure Loading Pressure Loading 
(kPa) (mol / kg ) (kPa) (mol / kg) 
20.3 0.0407 22.1 0.0281 
47.6 0.0941 60.3 0.0767 
96.3 0.1806 107.1 0.1344 
194.5 0.3557 205.5 0.2484 
329.3 0.5603 339.8 0.3954 
534.0 0.8336 499.9 0.5553 
786.3 1.1154 749.7 0.7773 
1080.1 1.3861 1062.0 1.0157 
1390.2 1.6213 1416.0 1.2443 
1766.1 1.8436 1796.8 14499 
Table 5. The common base point is 23°e, 916 kPa, and 
data are presented in Tables 2 and 3 for nitrogen and 20% O2 in the gas phase.  
oxygen, respectively. The uncertainties associated with the open system  
Binary equilibrium data were collected along three binary equilibrium data are indicated on Figures 6- 12. 
planes: constant P- T, constant y- T, and constant y-P These uncertainties were calculated based upon propa-
using the open system. These data are presented in gation of error analysis9 . The uncertainty envelopes 
Table 4. Data along the constant y- T plane were also depict the largest expected random errors in the results; 
measured in the closed system. These are presented in they do not correspond to actual uncertainties. 
Table 4 Open system measurements for N 2/ 0 2 adsorption on Tosoh SA-500 
Gas composition Loading (mol/kg) 
T p 
(OC) (kPa) O2 N 2 O2 N 2 Total Selectivity 
Constant P- T plane 
23.2 921 .1 0.0730 0.9270 0.0845 1.8648 1.9493 1.74 
23.3 915.0 0.1971 0.8029 0.1862 1.6596 1.8458 2.19 
23.2 913.5 0.2062 0.7938 0.2157 1.6947 1.9104 2.04 
23.3 911 .5 0.2235 0.7765 0.2273 1.6415 1.8688 2.08 
23.3 919.0 0.3799 0.6201 0.3487 14632 1.8119 2.57 
23.3 916.3 0.5783 0.4217 0.5760 1.1390 1.7150 2.71 
23.3 909.4 0.5863 0.4137 0 .6015 1.0921 1.6936 2.57 
23.3 915.0 0.7611 0.2389 0.7768 0.7513 1.5281 3.08 
23.2 912.8 0.8200 0.1800 0.8804 0.6379 1.5183 3.30 
Constant y-T plane 
23.3 22.8 0.1971 0.8029 0.0088 0.1681 0.1769 4.69 
23.3 42.2 0.2018 0.7982 0.0160 0.2762 0.2922 4.36 
23.2 44.7 0.2142 07858 0.0184 0.2850 0 .3034 4.22 
23.3 101 .0 0.2163 0.7837 0.0395 0.5029 0.5424 3.51 
23.4 206.8 0.2089 0.7911 0.0777 0.8329 0.9106 2.83 
23.3 508.9 0.1984 0.8016 0.1395 1.3096 1.3096 2.32 
Constant y- P plane 
04 912.1 0.2061 0.7939 0.3052 2.3677 2.6719 2.01 
04 913.5 0.2145 0 .7855 0.2522 2.3507 2.6029 2.55 
44.6 9094 0.1936 0.8064 0.1443 1.2744 1.4187 2.12 
Table 5 Closed system measurements for N 2/ 0 2 adsorption on Tosoh SA-500 
Gas composition Loading (mol / kg) 
T P 
(OC) (kPa) O2 N 2 O2 N2 Total Selectivity 
Constant y- T plane 
23.0 24.7 0.2053 0.7947 0.0085 0.1533 0.1618 4.66 
23.0 42.7 0.2053 0.7947 0.0159 0.2625 0.2784 4.26 
23.0 103.0 0.2069 0.7931 0.0369 0 .4689 0.5358 3.53 
23.0 166.0 0.1984 0.8016 0.0533 0.6346 0.6879 2.95 
23.0 552.0 0.1995 0.8005 0.1338 1.3097 1.4435 244 
23.0 909.6 0.2223 0.7777 0.1914 1.8474 2.0388 2.76 
4 
Table 6 Duplicate experimental results in open system 
Set 1 Set 2 Set 3 Set 4 
Pressure (kPa) 
Temperature (Oe) 
Y (0 2 ) 
O2 Amount (mol/kg) 
N2 Amount (mol/kg) 
909.5 
23.3 
0.5863 
0.6015 
1.0921 
916.4 
23.3 
0.5783 
0.5760 
1.1390 
42.2 
23.3 
0.2018 
0.0160 
0.2762 
44.7 
23.2 
0.2142 
0.0184 
0.2850 
912.2 
0.4 
0.2061 
0.3052 
2.3667 
913.6 
0.4 
0.2145 
0.2145 
2.3507 
913.6 
232 
02062 
0.2157 
1.6947 
915.0 
23.3 
0.1971 
0.1862 
1.6596 
911 .5 
23.3 
0.2235 
0.2273 
1.6415 
Table 7 Virial isotherm constants for oxygen and nitrogen 
on Tosoh SA-500 (P in kPa, n in mol/kg) 
Term 0 Term 1 
Oxygen 
K 12.69±0.14 -1923±44 
8 -0.03858 ±0 13 112.9±39 
Nitrogen 
K 14.54±031 -2958±95 
8 0.534 ±0 313 90.45±98 
C 0.0081 ± 0 109 - 5.32±33 
Reproducibility provides a better indication of actual 
uncertainties. It should be noted that it is not possible to 
exactly duplicate the gas phase properties, even in the 
open system, and thus some variation is expected. The 
repetition of experiments is summarized in Table 6. The 
standard deviations of partial oxygen and nitrogen 
loadings are 0.021 and 0.027 mol/kg, respectively, based 
on the three points around the base case conditions. 
Unfortunately, these small errors correspond to 10.1 % 
and 1.6% of the measured values for oxygen and 
nitrogen, respectively. It is clear that the measurement 
of the less-sorbed component (oxygen in this case) is 
subject to relatively large errors. 
Correlation of pure-gas data 
The pure-gas data have been correlated using the virial 
isotherm model 10 . 
(3) 
The first virial coefficient (K) is related to the gas-solid 
interactions only, while the higher coefficients (B, C, D 
etc.) also include the effects of gas- gas interactions. The 
virial coefficients can be approximated by infinite series 
in inverse temperature. 
kl k2K= ko+-+-+'" (4)T T2 
(5) 
Although the constants in the higher-order virial 
coefficients (bo, Co etc.) do not exist, they are included 
to compensate for the truncation of the infinite virial 
series after a finite number of terms. Equations (3)- (5) 
were used to regress all the isotherm data for a single gas 
simultaneously. One-step regression substantially im-
proves the accuracy of the parameter regression, 
especially in the Henry's law region II . 
The physical interpretations of the virial coefficients 
are strictly valid only for homogeneous adsorbents at 
low coverages. However, the virial model is very useful 
in representing pure-gas adsorption because of its 
mathematical flexibility . Parameter t-statistics were used 
to determine the number of inverse-temperature terms in 
Equations (4) and (5). The parameter values are listed in 
Table 7. As can be seen in Figures 4 and 5, the virial 
equation represents the isotherm data quite well. 
It should be noted that, since the virial equation is 
"open-ended", there is no limit on the amount adsorbed 
as the pressure is increased. This can cause large errors if 
the virial equation is extrapolated beyond the range of 
the data. (This point is emphasized by the large 
uncertainties of the coefficients in Table 7.) However, 
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5 
within the temperature and pressure limits of the data, 
we have found the virial equation to be flexible, thermo-
dynamically consistent, and a reliable way to calculate 
the Henry's law constant with good accuracy. Addition-
ally, the Henry's law constants can be directly deter-
mined from data plotted in the virial domain in Figure 5 
without any curve-fitting, as suggested by Barrer12 . 
The virial representation of the pure-gas isotherms 
forms the basis of the IAST7 predictions, and the 
thermodynamic consistency analysis presented later in 
this paper. 
Discussion of data trends 
Binary gas adsorption involves three degrees of freedom: 
pressure, temperature and gas composition. All three 
variations are important to the design of air separation 
units and have been studied in this work. 
Effect of gas composition 
Figures 6, 7 and 8 provide different views of the 
adsorption as a function of gas composition at the base 
temperature and pressure. These figures also present the 
maximum uncertainty of the experimental measurement 
and the lAST predictions. The lAST predictions serve as 
a thermodynamic test of the data consistency and as a 
potential method to predict the mixed-gas data. 
Figure 6 presents the total and partial amounts 
adsorbed. The lAST method somewhat under-predicts 
the total amount adsorbed, but the significance is 
questionable since the predictions are within the 
reproducibility of the data (3- 5%). It should be noted 
that the lAST prediction of the total loading is well 
within the maximum uncertainty of the data. lAST 
provides a good prediction of the adsorption ofnitrogen, 
but a relatively poor description of the adsorption of 
oxygen. In general, lAST provides a good prediction of 
the strongly adsorbed component, but may not provide a 
good prediction of the weakly adsorbed component. 
The x - y diagram (Figure 7), although commonly used 
to display binary adsorption behavior, does not have 
enough sensitivity to discriminate between data and 
models at the accuracy levels necessary for plant design. 
The selectivity is a much more sensitive indicator of 
phase behavior, as indicated in Figure 8. The selectivity 
is defined as follows: 
(6) 
The N2/0 2 selectivity increases from about 1.8 at the 
nitrogen-rich end to well in excess of 3 for compositions 
rich in oxygen. The lAST predictions are clearly too 
optimistic since they are outside the maximum errors of 
the data. 
lAST serves a useful purpose in analyzing the 
thermodynamic consistency of the data. Thermo-
dynamic consistency requires that the lAST predictions 
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Figure 6 Total and partial amounts of N2 and O2 adsorbed. Gas 
composition variation at 915 kPa and 23.3' C. Points are the experi-
mental data, full lines are the lAST prediction, and the dashed lines 
depict the maximum uncertainty in the measured data 
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Figure 7 Adsorbed phase versus gas phase composition at 
915 kPa and 23.3°C. Points are the experimental data, full lines 
are the lAST prediction, and the dashed lines depict the maximum 
uncertainty in the measured data 
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Figure 8 N2 /02 selectivity at 915 kPa and 23.3°C. Points are the 
experimental data, full lines are the lAST prediction, and the dashed 
lines depict the maximum uncertainty in the measured data 
in Figure 8 cross the experimental data 13. The trend of 
the data suggests that this cross will occur at high oxygen 
concentrations, but we have not measured data at high 
enough oxygen concentrations to confirm this. 
Effect of pressure 
The effect of pressure was studied at 23°C and about 21 % 
oxygen. Figure 9 presents total and partial oxygen 
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Figure 9 Total and partial amounts of N2 and O2 adsorbed. 
Pressure variation at 23°C and 20% O2 in the gas phase. Points 
are the experimental data, full lines are the lAST prediction, and 
the dashed lines depict the maximum uncertainty in the measured 
data 
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Figure 10 N 2/0 2 selectivity at 23°C and 20% O2 in the gas 
phase. Points are the experimental data, full lines are the lAST 
prediction, and the dashed lines depict the maximum uncertainty 
in the measured data 
loadings as a function of pressure; nitrogen loading is not 
shown for clarity since it is close to the total. The data 
from the closed and open systems are in good agreement. 
The effect of pressure on selectivity is depicted in 
Figure 10. As required by thermodynamic consistency, 
lAST and the binary data approach the same limiting 
selectivity of 5.2 at zero pressure; this limiting selectivity 
is the ratio of the Henry's law constants of N2 and O2 , 
The lAST method predicts a far weaker drop in the 
selectivity than is experimentally observed. As with the 
composition variation, the selectivity diagram is an 
effective, sensitive way to present the trend of the phase 
behavior. 
Figure 10 presents the maximum uncertainty in the 
measured selectivity, which approaches infinity at zero 
pressure. The large uncertainty in the selectivity at low 
pressures (and at the pure-component limits) is inevit-
able in these experiments where the primary properties 
are the partial amounts adsorbed. A different experi-
mental technique could be designed to measure select-
ivity directly, but then the uncertainty in the total 
amount adsorbed would become unacceptably large at 
low pressures and at the pure-component limit. On the 
positive side though, we note that it is not necessary to 
3,---------------------------------~ 
lo 2.4 =..------------.§. 
------------ --....--...."E 
--::::--=: ----of 1.8 
-..... ----! 
'E 1.2 
o " e ..: 
ii 0.6 
-----~-~ ot===~====~~==~~~~~~ 
o 10 20 30 40 50 
Temperature (C) 
Figure 11 Total and partial amounts of N2 and O2 adsorbed. 
Temperature variation at 913 kPa and 20% O2 in the gas phase. 
Points are the experimental data, full lines are the lAST prediction, 
and the dashed lines depict the maximum uncertainty in the 
measured data 
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Figure 12 N 2/0 2 selectivity at 913 kPa and 20% O2 in the gas 
phase. Points are the experimental data, full lines are the lAST 
prediction, and the dashed lines depict the maximum uncertainty 
in the measured data 
measure multicomponent data at very low pressures 
since the limiting behavior will approach Henry's law, 
which only requires pure-component measurements. 
Effect of temperature 
The impact of temperature IS seldom studied in the 
literature, but there are significant temperature 
variations in adsorption processes due to the heat of 
adsorption2. As can be seen in Figure 11, a relatively 
small temperature change (20°C) will cause the total 
amount adsorbed to change by 25%. At the conditions 
studied (912 kPa and y(02) = 0.207), the effect of 
temperature on selectivity is small, as indicated in 
Figure 12. However, we note that lAST provides a poor 
prediction of the selectivity. 
6 Thermodynamic consistency analysis 
As discussed above, multicomponent adsorption equili-
brium measurements are extremely complicated and 
therefore more prone to error than equilibrium measure-
ments of bulk phases. Thus, there is good reason to be 
skeptical about the accuracy of the derived results. 
Fortunately, thermodynamic principles provide relations 
between the adsorbed phases that can be used to access 
the results. It should be noted that the thermodynamic 
tests only provide an internal consistency check among a 
set of pure and multicomponent data. They do not assure 
accuracy. However, consistency of a set of data increases 
confidence that the data are accurate. 
As outlined by Talu and Myers 13, there are numerous 
tests of thermodynamic consistency . We employed the 
following: 
(1) 	At fixed temperature and pressure, the total amount 
adsorbed must equal the pure-component values at 
the composition end points . As Figure 6 indicates, 
this test is satisfied. 
(2) 	 At fixed temperature and pressure, the x-y and 
selectivity curves of all thermodynamically con-
sistent models must cross the experimental curves 
at least once. As discussed above, Figure 8 suggests 
that this test is satisfied. 
(3) 	The selectivity must approach the value determined 
by the Henry's law constants at zero pressure. 
Figure 10 indicates that this test is satisfied. 
(4) 	The spreading pressure is a state function, and thus 
the spreading pressure difference between any two 
conditions must be independent of the path between 
the two conditions. The Gibbs adsorption equation 
has been used to calculate the change in spreading 
pressure at constant pressure. 
(constant T) (7) 
The integrations are performed over the closed paths 
illustrated in Figure 13; these are ABCDEA, ABCFA, 
and FCDEF I4 . The integrations over the line AFE are 
zero since the change in pressure (and hence the 
spreading pressure) is zero. The results of integration 
over these paths are summarized in Table 8. The data are 
consistent as the relative differences are about 6% 
among the three paths. 
Given large possible errors indicated by the propaga-
tion of error analysis, occasional "fliers" are likely. We 
found the last test to be extremely useful for screening 
Gas Fr 
of Oxygen 
Pressure (kPa) 
Figure 13 Schematic diagram of spreading pressure integrations 
Table 8 Integrations for thermodynamic consistency over closed 
paths shown in Figure 13 
End conditions Integrals (mol/kg) 
P (kPa) y (0 2 ) O2 N2 To~1 
Section A - B: pure nitrogen isotherm 
Start 0.0 0.0 0.0 0.0 
914.8 0.0 0.0 3.486 
Section B-C: constant P and T binary data 
Start 914.8 0.0 0.0 0.0 
921.2 0.073 0.080 0.131 
915.0 0.197 0.209 -0.396 
Section C- O: constant P and T binary data 
Start 915.0 0.197 0 .0 0.0 
913.6 0.206 0.009 -0.022 
912.2 0.224 0.026 - 0.061 
919.1 0.380 0.171 -0.397 
916.4 0.578 0.360 - 0.903 
909.5 0.586 0.364 -0.933 
915.0 0.761 0.547 - 1.433 
912.9 0.820 0606 -1.632 
914.8 1.000 0.815 -2.446 
Section O-E: pure oxygen isotherm 
Start 914.0 1.0 0.0 0.0 
0.0 1.0 -1 .482 0.0 
Section F-C: constant yand T binary data 
Start 0.0 
22.8 0.197 0.009 0.180 
42.2 0.202 0.017 0.314 
44.7 0.214 0.019 0.326 
101.0 0.216 0.042 0.644 
206.9 0.209 0078 1.128 
508.9 0.198 0.165 2.141 
915.0 0.197 0.261 3.015 
0.0 
3.486 
0.0 
-0053 
-0.187 
0.0 
-0.013 
-0.035 
-0.226 
-0.544 
-0.570 
-0.886 
-1.025 
-1.630 
0.0 
-1.482 
0.0 
0.189 
0.331 
0.344 
0.686 
1.206 
2.306 
3.276 
Totals 
Path ABCOE == A- B + B-C + C- O + O- E 
== 3.486 -0.187 -1.630-1 .482 = 0.186 
Error == 5.3% of maximum 
Path ABCF = A-B + B-C- F-C 
= 3.486 - 0.187 - 3.287 = 0.023 
Error = 0.7% of maximum 
Path FCDE = F-C + C-D + D-E 
= 3.276-1.630-1.482 = 0.164 
Error = 5.0% of maximum 
individual points. On the basis of thermodynamic 
consistency analysis, we conclude that the set of data 
presented here is internally consistent. 
7 	 Thermodynamic data analysis 
An additional benefit of the spreading pressure integra-
tions is that they provide a thermodynamic analysis of 
the system. The experimental values of the excess Gibbs 
free energy can be calculated from the spreading 
pressure by the following relations l4 : 
PN/>;
"Ii = - -0-	 (8)
I1 ¢>iXj 
cex 

RT= 2: x j ln'Yj (9)  
I 
The activity coefficients at the binary data points are 
presented in Table 9. The variation of the activity 
----------------
Table 9 Surface phase activity coefficients and excess Gibbs free 
energy calculated from experimental data 
T (0C) P (kPa) y (0 2 ) 'Y (02 ) 'Y (N 2) Gex /RT 
Constant temperature and pressure 
232 921.2 0.073 0.572 1.013 -0.012 
23.3 915.0 0.197 0.699 0.997 -0.039 
23.2 913.6 0.206 0.657 1.008 -0.040 
23.3 912.2 0.224 0.665 1.003 -0.047 
23.3 919.1 0.380 0.783 0.974 -0.068 
23.3 916.4 0.578 0.794 0973 -0.096 
23.3 909.5 0.586 0.766 0.993 -0.100 
23.3 915.0 0.763 0.841 0.949 -0.114 
23.2 912.9 0.820 0.862 0 .926 -0.119 
Constant composition and temperature 
23.3 22.8 0.197 0.942 0.989 -0.013 
23.3 42.2 0.202 0.907 0.993 -0.012 
23.2 44.7 0.214 0.884 0.999 -0.009 
23.3 101.0 0.216 0.797 1.011 -0.007 
23.4 206.9 0.209 0.705 1.015 -0.016 
23.3 508.9 0.198 0.656 0.986 -0.053 
23.3 912.2 0.224 0.665 1.003 -0.047 
23.2 913.6 0.206 0657 1.008 -0.040 
23.3 915.0 0.197 0.699 0.997 -0.039 
coefficients with composition is shown in Figure 14. The 
system exhibits negative deviations from ideality. Nega-
tive deviations are generally linked to heterogeneity of 
the adsorbent l5 . 
Figure 14 indicates that the system is strongly non-
ideal; the infinite dilution activity coefficient of oxygen is 
about 0.5 . Figures 6 and 7 do not give an indication of 
the strong nonideality, but Figure 8 certainly does. This 
is another reason why selectivity diagrams are a 
preferred way to present adsorption equilibrium data. 
Figure 14 is highly asymmetric, but this is an artificial 
result since the gas phase composition has been used in 
the abscissa. As shown in Figure 15, the excess Gibbs free 
energy is close to symmetric with respect to the surface 
composition. 
The activity coefficients and excess Gibbs free energy 
are shown as a function of spreading pressure in 
Figure 16. The temperature and gas composition are 
Gexfixed at 2rc and 20.7% O2 , respectively. 
approaches zero at zero spreading pressure, which is a 
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Figure 14 Calculated non ideality of the N2 /0 2 adsorbed phase 
at 23°C and 915 kPa as a function of gas phase composition. The 
lines are a curve-fit of the data 
unique feature of surface phases. This behavior makes it 
thermodynamically inconsistent to use liquid models 
(such as the Wilson equation) for the surface phase. It is 
also clear from Figure 16 that the derivative of Gex with 
spreading pressure is not zero at the origin. In other 
words, the excess area of mixing is finite although Gex is 
zero. The reasons for this phenomena are thoroughly 
discussed by Talu et al. 16. 
8 Conclusions 
The techniques presented in this paper provide methods 
to generate and analyze multicomponent adsorption 
equilibrium data. Both the open and closed methods 
were found to provide reasonably accurate data if care 
was taken in equipment design and data collection. 
Unfortunately, relatively high uncertainties in the load-
ing of the less strongly adsorbed component (~5-20%) 
appear to be unavoidable. This is particularly true at low 
pressures and at both composition limits. We have found 
the thermodynamic consistency tests described above to 
be helpful in establishing the reliability of the data, and 
thus increasing confidence in its accuracy. 
Using data from both of these methods, we have 
produced a complete, evaluated set of data for a system 
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Figure 15 Calculated non ideality of the N2 / 0 2 adsorbed phase 
at 23°C and 915 kPa as a function of surface phase composition . 
The line is a curve-fit of the data 
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Figure 16 Calculated nonideality of the N2 /0 2 adsorbed phase 
at 23c C and 20% O2 in the gas phase as a function of spreading 
pressure. The lines are a curve-fit of the data 
of industrial interest: N2/02 adsorption on SA-zeolite. 
We are confident in the accuracy of these data based on 
thermodynamic consistency tests, reproducibility studies 
and the agreement between the data from two different 
systems. The data indicate a significant nonideality, 
since lAST does not provide a quantitatively accurate 
description of the data. 
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